Abstract
Introduction

25
Genetic constraints between developmental stages, sexes, and castes arise as a result of a 26 shared genome 1 . Species are able to mitigate these constraints by differentially expressing suites 27 of genes in specific contexts to produce and maintain different phenotypes. This resolution, 28 however, may be incomplete when regulatory control of gene expression is not sufficiently labile 29 as to allow for optimal expression in each phenotypic context, leading to intralocus conflict 2 . 30 31 This phenomenon has been most widely studied between the sexes, where strong sexual 32 dimorphism is generally underlain by sex-biased gene expression 3 . Sex-biased gene expression 33 is thought to have been largely driven by selection to resolve intralocus sexual conflict 4 . As such, 34 contemporary sex-biased gene expression is expected to represent a combination of both 35 resolved and partially un-resolved sexual conflict 5, 6 . In the latter case, suboptimal gene expression 36 levels are maintained by opposing selection in males and females, with the relative strengths of 37 selection acting on each sex determining the difference between optimal and observed 38 (suboptimal) expression levels. 39
40
Sexually antagonistic selection has the potential to constrain the optimal expression of large 41 portions of a species' transcriptome and to thereby generate sub-optimal phenotypes in each sex. 42
However, whether un-resolved conflict is pervasive can be difficult to investigate in natural 43 populations, due to the relatively small (but numerous) effects of individual loci 5, 7 . An ideal 44 situation to address this question would be to examine how the transcriptome evolves following 45 the cessation of sexual conflict. This is the case in asexually reproducing species when derived 46 from a sexual ancestor. Because asexual species consist only of females, there is no sexual 47 conflict and selection can optimize the female phenotype independently of any correlated effects 48 in males. Despite the potential of this approach, previous studies have only used sexual species, 49 examining how the transcriptome changes under experimentally altered levels of sexual 50 selection [8] [9] [10] [11] . 51
52
The premise of these studies is that because sexual selection is typically stronger on males than 53 females 12 , a reduction in sexual selection (e.g. by enforcing monogamy) will disproportionately 54 affect males, resulting in a shift in gene expression towards the female optimum. While this 55 optimum is unknown, it is assumed that female-biased genes are generally beneficial for females, 56 and male-biased genes for males 4, 13 , such that shifts towards female optima would generate afeminization of gene expression (increased female-biased and decreased male-biased 58 expression). The empirical support for this hypothesis, however, remains mixed [8] [9] [10] [11] , and the most 59 recent study 9 further showed that shifts in sex-biased gene expression under altered sexual 60 selection varied among tissues and conditions. However, a potential constraint in these studies 61 is that even under reduced sexual selection, selection still acts on male phenotypes as fertile 62 males still need to be produced in each generation. Thus, many genes potentially subject to 63 sexually antagonistic selection therefore remain unaffected by reduced sexual selection, with 64 genes negatively affecting male viability or fertility being obvious examples. This constraint does 65 not apply to recently derived asexual species as all aspects of sexual conflict present in the sexual 66 species are absent in the asexual species. 67
68
Here we use Timema stick insects to examine how sex-biased genes change in expression 69 following a transition to asexuality. Timema comprise multiple independent transitions to 70 asexuality ( Fig. 1) 14 , allowing us to examine how idiosyncratic any shifts in sex-biased gene 71 expression are. Furthermore, male Timema have a single X and no Y chromosome (XX / X0 sex 72 determination) 15 , avoiding any potential difficulties arising from sex-limited regions of the genome. 73
We first identify genes with sex-biased expression in five sexual Timema species by sequencing 74 Table 5 ). By contrast, male-biased genes significantly increased in expression in most tissue 113 types of asexual females (10 out of 15 instances), although they also significantly decreased in 114 two instances (in T. shepardi reproductive tracts and T. tahoe legs) (Fig. 2 , Supplemental Table  115 5). We also examined if the amount of change in sex-biased gene expression altered with asexual 116 lineage age (measured as sex-asex species divergence time, see Supplemental material and Fig.  117 1). While we found a relationship between sex-biased gene expression and asexual lineage age 118 (permutation ANCOVA, P < 0.001), it was small and inconsistent between tissue-types 119 (Supplemental Fig. 3 , p-value of interaction term < 0.001). 120
121
In addition to sex-biased genes, one class of interesting genes is sex-limited genes (genes 122 expressed in only one of the two sexes). The expression of sex-limited genes depends on sex-123 specific regulation in males and females. Sex-limited genes are therefore expected to be free 124 from sexual conflict over expression levels and may show different shifts in expression in asexual 125 females than sex-biased genes. In particular, we expect that there will be no overall change in 126 expression between sexual and asexual females, if relaxation of sexual conflict is the main driver 127 of changes in asexual females. Note that sex-limited genes were identified separately from sex-128 biased genes to avoid inflating the dispersion of the model used to identify sex-biased genes (see 129 Methods). Overall, we find only a few sex-limited genes (0-50), with most of these in the 130 reproductive tracts (Supplemental Tables 6 and 7 ). Like female-biased genes, female-limited 131 genes also show a significant reduction in expression in asexual females in most cases (8 out of 132 the 9 instances with more than one female-limited gene) (Fig. 3, Supplemental Fig. 4 , 133
Supplemental Table 6 ). Almost all male-limited genes show very little to no expression in asexual 134 females, and are expressed at much lower levels than found in males (Fig. 3, Supplemental Fig.  135 4, Supplemental results were not biased by the gene sets we chose to use, which excluded genes with very low 143 expression in asexual females, and genes without an ortholog between sexual and asexual sister 144 species (see Methods). Exclusion of these genes could bias our results if shifts in gene expression 145 disproportionately occur in these genes. To examine the impact of these factors we firstlyrepeated our analyses without excluding genes with low expression in asexual females. Generally 147 excluded genes were few in number (1-6%) and more likely to be male-biased (Supplemental  148   Tables 8-9 ). Repeating our analyses with these genes included found that shifts in sex-biased 149 gene expression in asexuals remained qualitatively the same as when they were excluded 150 (Supplemental Fig. 5 ). Secondly, we mapped reads from all samples of a sexual-asexual species 151 pair to a single reference (the full transcriptome of either the sexual or the asexual species). With 152 this strategy there is no need to identify orthologs between sexual and asexual species pairs. 153
Repeating our analyses using the full sexual or asexual transcriptome, we found very few sex-154 biased genes had no expression in asexual females (Supplemental Tables Table 14 ). This 174 pattern is further illustrated by the fact that reproductive tract samples cluster first by sex and then 175 phylogeny, whereas it is the opposite for legs (Fig. 4) . Whole-body samples show a more mixed 176 pattern with most samples clustering firstly by sex but with one species (T. podura, which has the 177 fewest sex-biased genes in this tissue type) clustering firstly by phylogeny. Despite the lower 178 power of this smaller gene set (compared to the full gene set), expression of female-biased genes 179 was significantly reduced in asexual females in 11 out of 15 instances. Male-biased geneexpression significantly increased in asexual females in 9 out of 15 instances (Supplemental Fig.  181 8, Supplemental Table 15) . 182
183
The overlap between sex-biased genes from different species is significantly greater than 184 expected by chance but rather small in size (Figs. 5A and 5B, Supplemental Table 16 ). Importantly 185 for our analyses, the small overlap between species means that the consistently masculinized 186 gene expression we observe in asexual females is largely independent of gene identity. This 187 finding is strengthened by an examination of the shifts in expression for genes sex-biased in 1, 2, 188 3, 4 or 5 sexual species, which show that the masculinization seen in asexual females is stronger 189
for genes that are sex-biased in fewer sexual species ( Table 18 ). Male-biased genes that increased in expression were enriched for between 0 and 81 215 terms, and again, no terms were shared between all species, and very few between any pair of 216 species (Supplemental Table 19 , Supplemental Fig. 9B) . 217
218
The removal of sexual conflict is expected to cause the feminization of gene expression in asexual 219 females. Although overall the pattern of expression change we observe is opposite to this 220 prediction, it is possible that a feminization of gene expression still occurs for a small subset of 221 genes, but its effect is masked by the larger effect of masculinization. We specifically examine 222 the subset of sex-biased genes that follow the expected pattern of feminization, by looking at 223 processes enriched for female-biased genes that increase in expression and male-biased genes 224 that decrease in expression in asexual females. We would expect that genes showing 225 feminization would be enriched for processes associated with sexual conflict. Both male-and 226 female-biased genes showed an enrichment of many terms (between 0 and 360, and between 1 227 and 195, respectively), including some that could be associated with sexual conflict (e.g. sexual 228
reproduction, female mating behavior, etc). However, the majority of terms have no clear link to 229 sexual conflict, and again no terms were shared between all species (Supplemental Table 20,  230   Supplemental Table 21 Sex-biased genes in sexual species often evolve rapidly, due to strong sexual selection and/or 246 sexual antagonism which drives positive selection for amino-acid changes 17 or because of relaxed 247 evolutionary constraintrapidly, but due to reduced purifying selection on redundant sexual traits underlain by sex-biased 249 genes. Although interesting, identifying differences in evolutionary rates between gene classes in 250 asexual species is difficult due to the overall elevated rates in asexual species (including in 251 Timema 18 ), and because genes are inherited as a single linkage group which reduces the power 252 to detect differences in evolutionary rate between genes. Here we found evidence for an elevated 253 rate of dN/dS in asexual species and in sex-biased genes (Supplemental Fig. 9, Supplemental  254 Tables 22-24). We do not see any evidence for an interaction between sex-bias and reproductive 255 mode (Supplemental Fig. 11, Supplemental Tables 22-24) , indicating that the increase in dN/dS 256 for sex-biased genes is similar in sexual and asexual species. 257
Discussion
259
Conflict over gene expression levels between males and females is thought to drive the evolution 260 of sex-biased gene expression 4 . While sex-biased expression is expected to reduce the amount 261 of intralocus sexual conflict, it is unlikely to be complete for many genes, meaning that some 262 proportion of sex-biased genes are likely subject to sexually antagonistic selection 5, 6 . Here we 263 chose to investigate how sex-biased gene expression changes in asexual species which 264 experience no sexual conflict. We predicted that transcriptomes of asexual females would be 265 feminized as sex-biased genes in asexual females would no longer be constrained by 266 countervailing selection pressures in males. Contrary to our prediction we found evidence for an 267 overall masculinization of sex-biased gene expression in asexual females. This pattern of 268 masculinization was very consistent across each of the five independently derived asexual 269 species, and three tissue types we examined. In addition, masculinization was not driven by 270 changes in expression of the same genes in each species, showing that it is the property of being 271 sex-biased per se that is most likely to be responsible for the shifts in expression we observe. 272
273
Taken together, our results provide strong evidence for a masculinization of gene expression in 274 asexual species. The strength of this finding does not mean there is no sexual conflict over optimal 275 levels in sexual species, but rather that changes in asexual females driven by a release of conflict 276 are negligible relative to changes driven by other mechanisms. The presence of such alternative 277 mechanisms can best be illustrated by the fact that female-limited genes (that should experience 278 no sexual conflict over gene expression level in sexual species), show a consistent 279 masculinization similar to sex-biased genes. We suggest that this is because although 280 reproducing asexually does remove the pressure of sexual conflict, it also removes the need for 281 many of the sexual traits sexually dimorphic gene expression underlies. Consequently, while we 282 expected gene expression in asexual females to be free to move to a female optimum, it is also 283 likely that the optimal female phenotype is different for sexual and asexual females. 284
285
Female asexual Timema show reductions in several sexual traits including a reduced sperm 286 storage organ, and reduced volatile and contact pheromone production 16 . Since sexually 287 dimorphic traits are largely a product of sex-biased gene expression 3 , a link between reduced 288 female sexual traits and reduced female-biased gene expression is a plausible explanation for 289 the decreased expression of female-biased genes we observe. It is less clear why we also see 290 an accompanying increase of expression in male-biased genes in asexual females. We suggestfour, non-mutually exclusive, speculative explanations for this. Firstly, increased expression of 292 male-biased genes may arise as a result of sexual trait reduction in cases where high expression 293 of a gene in males acts to suppress the development of a trait, or when low expression in females 294 acts to enhance a female sexual trait. In such genes selection for sexual trait reduction in asexual 295 females would be expected to produce an increase in expression. A second potential explanation 296 is that in sexual species there are a number of products produced by males and then transferred 297 to females that are important for female fertility. For instance, in many insects, ovulation and 298 oviposition are stimulated by substances in the male ejaculate such as juvenile hormone, 299 prostaglandins, and myotropins 19, 20 . Since these products are not provided by males in asexual 300 species, females may need to increase expression of the genes that produce these products to 301 compensate. While this explanation could explain some of the increased expression of male-302 biased genes we observe in the reproductive tract, it is unlikely to be a general explanation for 303 the increased expression of male-biased genes across all species and tissue types. scenarios are important to consider as an explanation even for studies that observe the expected 337 feminization of sex-biased gene expression 8, 10, 11 . This is because reducing sexual selection can 338 also favour the increased expression of female sexual traits under some conditions. In these 339 situations, the feminization of sex-biased gene expression can be due to changes in sexual trait 340 optima rather than due to a reduction in the amount of intralocus sexual conflict. More generally, 341 optimal values for traits should be affected by the nature and level of sexual conflict present in a 342 population. Changes to optimal trait values under different selective scenarios are however 343 difficult to predict a priori 23 , meaning future studies will require careful examination of optimal 344 phenotypes under different selective scenarios in order to correctly interpret any changes in sex-345 biased gene expression. 346
347
In conclusion, we find that sex-biased gene expression is repeatedly masculinized following a 348 transition to asexuality, and suggest that this result is driven primarily by a reduction of female 349 sexual traits. While we observe similar patterns of masculinization across all five asexual species, 350 the genes involved were mostly different, reflecting the dynamic nature of sex-biased gene 351 expression. In line with this, the functional processes associated with expression change in each 352 species were also diverse. Finally, our study highlights the importance of considering explanations 353 other than intralocus sexual conflict for explaining shifts in sex-biased gene expression, since 354 differences in sexual conflict are also likely to be accompanied by changes in sexual trait optima 355 which may enhance or mask changes caused by a reduction or cessation of intralocus sexual 356 conflict. 357 Table 25 ). To extract RNA, samples were flash-frozen in liquid 380 nitrogen followed by addition of Trizol (Life Technologies) before being homogenized using 381 mechanical beads (Sigmund Lindner). Chloroform and ethanol were then added to the samples 382 and the aqueous layer transferred to RNeasy MinElute Columns (Qiagen). RNA extraction was 383 then completed using an RNeasy Mini Kit following the manufacturer's instructions. RNA quantity 384 and quality was measured using NanoDrop (Thermo Scientific) and Bioanalyzer (Agilent). Strand-385 specific library preparation and single-end sequencing (100 bp, HiSeq2000) were performed at 386 the Lausanne Genomic Technologies Facility. 387
388
The 150 libraries produced a total of just under 5 billion single-end reads. 6 whole-body and 6 389 tissue-specific libraries produced significantly more reads than the average for the other samples. 390
To reduce any influence of this on downstream analyses, these libraries were sampled down to 391 approximately the average number of reads for whole-body or tissue-specific libraries respectively 392 using seqtk (https://github.com/lh3/seqtk Version: 1.2-r94). 393
394
Transcriptome references 395 396
De novo reference transcriptome assemblies for each species were generated previously 18 . Our 397 expression analyses were conducted using two sets of orthologs. Firstly, we identified orthologs 398 between sexual and asexual sister species using reciprocal Blast as described in Parker et al. 24 . 399
Secondly, we used the 3010 one-to-one orthologs present in all 10 Timema species as identified 400 by Bast et al. 18 . The identified ortholog sequences varied in length among different species. Since 401 length variation might influence estimates of gene expression, we aligned orthologous sequences 402 using PRANK (v.100802, default options) 25 and trimmed them using alignment_trimmer.py 26 to 403 remove overhanging gaps at the ends of the alignments. If an alignment contained a gap of 404 greater than 3 bases then sequence preceding or following the alignment gap (whichever was 405 shortest) was discarded. Any orthologous sequences that had a trimmed length of less than 300 406 bp were also discarded. Finally, before mapping, genes with significant Blast hits to rRNA 407 sequences were removed from the trimmed transcriptome references. Bast et al. 18 . Note the oldest asexual lineage, T. genevievae, was previously estimated to be 1.5 536 My old.
14 (B) Photographs of the species used in this study scaled using median body lengths 537 from their species descriptions. showing the overlap of male-biased genes C) Boxplots showing the change in expression of 569 female-biased (reds) and male-biased (blues) genes in asexual females when a gene is female 570 or male-biased in 1, 2, 3, 4 or 5 sexual species. Note for genes sex-biased in multiple species 571 the plot includes fold-change values of that gene in each species it is sex-biased in. 572
